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1
METHOD OF PREPARING HIGH
REFRACTIVE NANOPARTICLES,
NANOPARTICLES PREPARED BY THE
METHOD, AND PHOTONIC CRYSTAL
DEVICE USING THE NANOPARTICLES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of Korean Patent Appli-
cation No. 10-2011-0084818, filed on Aug. 24, 2011, in the
Korean Intellectual Property Office, the disclosure of which is
incorporated herein in its entirety by reference.

BACKGROUND

1. Field

Example embodiments relate to methods of preparing high
refractive index nanoparticles, nanoparticles prepared by the
methods, and/or photonic crystal devices using the nanopar-
ticles.

2. Description of the Related Art

High refractive index nanoparticles, which strongly inter-
act with light, are important materials in the optical field.
Accordingly, many attempts to use high refractive index nano
particles, e.g., TiO,, CdS, SnO,, Zn0O, ZrO,, and CdSe, in the
optical field have recently been made.

From among high refractive index materials, Group 1I-VI
or I11-V compound semiconductors may control bandgaps by
using a chemical method or a quantum confinement method,
and thus are considered desirable optical materials. Although
research on such materials has been actively conducted, exist-
ing materials are nanoparticles having a size equal to or less
than 50 nm or particles having a size close to a micro size.
Accordingly, there is a limitation in preparing nanoparticles
having a uniform mesoscopic size distribution.

Because particles having a mesoscopic size may interact
with light in a visible band, the particles having a mesoscopic
size may be used in various fields including displays. For
example, particles having a mesoscopic size may constitute
photonic crystals by using self-assembly. Photonic crystals
have a grid structure in which two or more materials having
different refractive indices are regularly arranged in a two-
dimensional (2D) or three-dimensional (3D) manner. Such
photonic crystals having a grid structure have a photonic
bandgap through which light having a specific wavelength
may be blocked or passed due to a periodic distribution of
refractive indices.

SUMMARY

Example embodiments provide methods of preparing high
refractive index nanoparticles having a uniform size distribu-
tion and/or photonic devices using the high refractive index
nanoparticles.

Additional aspects will be set forth in part in the description
which follows and, in part, will be apparent from the descrip-
tion, or may be learned by practice of the example embodi-
ments.

According to example embodiments, a method of prepar-
ing high refractive index nanoparticles includes adding a
polymer stabilizer to a solvent, and forming high refractive
index nanoparticles by adding high refractive index nanopar-
ticle materials to the solvent and stirring the same. The high
refractive index nanoparticle materials may have a refractive
index equal to or greater than 1.8, and sizes of the high
refractive index nanoparticles may be determined by adjust-
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ing a content of the polymer stabilizer to control an amount of
the polymer stabilizer adsorbed to surfaces of the high refrac-
tive index nanoparticles.

The forming may form nanoparticles including at least one
of Zn8, TiO,, ZnO, and ZrO,. The adding may add one of
polyvinylpyrrolidone (PVP), polyethylene glycol (PEG),
polyacrylic acid, or polyvinyl alcohol (PVA) to the solvent.
The adding may add the polymer stabilizer to the solvent in an
amount from about 0.25 wt % to about 2 wt %.

The forming may form the high refractive index nanopar-
ticles to have a diameter from about 50 nm to about 300 nm.
The forming may include coating the high refractive index
nanoparticles with a transparent material to form a core-shell
structure. The transparent material may be silica.

According to example embodiments, high refractive index
nanoparticles may be prepared by a method including adding
a polymer stabilizer to a solvent, and forming high refractive
index nanoparticles by adding high refractive index nanopar-
ticle materials to the solvent and stirring the same. The high
refractive index nanoparticle materials may have a refractive
index equal to or greater than 1.8, and sizes of the high
refractive index nanoparticles may be determined by adjust-
ing a content of the polymer stabilizer to control an amount of
the polymer stabilizer adsorbed to surfaces of the high refrac-
tive index nanoparticles.

The high refractive index nanoparticles may include one of
Zn8, TiO,, ZnO, and ZrO,. The polymer stabilizer may be
one of polyvinylpyrrolidone (PVP), polyethylene glycol
(PEG), polyacrylic acid, and polyvinyl alcohol (PVA). A
content of the polymer stabilizer in the solvent may be from
about 0.25 wt % to 2 wt %. A diameter of the high refractive
index nanoparticles may be from about 50 nm to about 300
nm. Surfaces of the high refractive index nanoparticles may
be coated with a transparent material to have a core-shell
structure. The transparent material may be silica.

According to example embodiments, a photonic crystal
device may include photonic crystals formed through self-
assembly by high refractive index nanoparticles prepared by
a method. The method may include adding a polymer stabi-
lizer to a solvent, and forming high refractive index nanopar-
ticles by adding high refractive index nanoparticle materials
to the solvent and stirring the same. The high refractive, index
nanoparticle materials may have a refractive index equal to or
greater than 1.8, and sizes of the high refractive index nano-
particles may be determined by adjusting a content of the
polymer stabilizer to control an amount of the polymer sta-
bilizer adsorbed to surfaces of the high refractive index nano-
particles.

The photonic crystals may be fixed. The photonic crystals
may include a colloidal solution having the high refractive
index nanoparticles dispersed in the solvent, and the photonic
crystal device may further include electrodes configured to
apply an electric field to the colloidal solution. A photonic
stop band of the photonic crystals including the high refrac-
tive index nanoparticles may continuously vary in at least a
visible band according to a voltage applied to the electrodes.
The electrodes may be spaced apart from each other having
the colloidal solution therebetween. The photonic crystal
device may be a tunable color filter having a visible band as
the photonic stop band, or a full-color reflective display
device for displaying an arbitrary color of the visible band.

Because the method of example embodiments controls
sizes and a degree of dispersion of high refractive index
nanoparticles by using a polymer stabilizer, nanoparticles
having a mesoscopic size may be more easily prepared in one
step. Accordingly, because the nanoparticles have a uniform
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mesoscopic size distribution, a photonic crystal device hav-
ing a photonic bandgap of a visible band may be more easily
realized.

BRIEF DESCRIPTION OF THE DRAWINGS

These and/or other aspects will become apparent and more
readily appreciated from the following description of
example embodiments, taken in conjunction with the accom-
panying drawings in which:

FIGS. 1A through 1D illustrate a process in which ZnS
nanoparticles grow;

FIGS. 2A through 2C are scanning electron microscope
(SEM) images of ZnS nanoparticles prepared when polyvi-
nylpyrrolidone (PVP) is not used and used;

FIGS. 3A through 3C are transmission electron micro-
scope (TEM) images of various ZnS nanoparticle sizes of
which are controlled;

FIG. 3D is a magnified image of FIG. 3C;

FIG. 4 is a graph illustrating wide angle X-ray diffraction
patterns of ZnS nanoparticles prepared when PVP is used and
not used;

FIG. 5A is a magnified image of ZnS nanoparticles;

FIG. 5B illustrates a result of energy dispersive X-ray
(EDX) elemental analysis performed at a central portion of
each of ZnS nanoparticles;

FIG. 5C illustrates a result of EDX elemental analysis
performed at an end portion of each of the ZnS nanoparticles;

FIG. 6 illustrates a result of thermogravimetric analysis
(TGA) performed on ZnS nanoparticles;

FIGS. 7A through 7D are SEM and TEM images of ZnS
nanoparticles before and after the ZnS nanoparticles are
coated with silica;

FIG. 8A is a magnified image of ZnS nanoparticles coated
with silica;

FIG. 8B illustrates a result of EDX elemental analysis
performed at a central portion of each of ZnS nanoparticles
coated with silica;

FIG. 8C illustrates a result of EDX elemental analysis
performed at a shell portion of each of the ZnS nanoparticles;

FIGS. 9A through 9C illustrate arrangements of high
refractive index nanoparticles;

FIG. 10 is a view illustrating a photonic crystal device
according to example embodiments;

FIG. 11 is a view illustrating a photonic crystal device
according to example embodiments;

FIG. 12 illustrates reflection spectrums of the photonic
crystal devices when a refractive index ratio between particles
and a medium increases; and

FIG. 13 is a graph illustrating a relationship between a
reflectivity and a color gamut, and a refractive index ratio
between particles and a solvent in an aqueous solution.

DETAILED DESCRIPTION

The inventive concepts will now be described more fully
with reference to the accompanying drawings, in which
example embodiments are shown. In the drawings, the same
reference numerals denote the same elements, and sizes or
thicknesses of elements may be exaggerated for clarity.

It will be understood that when an element is referred to as
being “connected” or “coupled” to another element, it can be
directly connected or coupled to the other element or inter-
vening elements may be present. In contrast, when an element
is referred to as being “directly connected” or “directly
coupled” to another element, there are no intervening ele-
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ments present. As used herein the term “and/or” includes any
and all combinations of one or more of the associated listed
items.

It will be understood that, although the terms “first”, “sec-
ond”, etc. may be used herein to describe various elements,
components, regions, layers and/or sections, these elements,
components, regions, layers and/or sections should not be
limited by these terms. These terms are only used to distin-
guish one element, component, region, layer or section from
another element, component, region, layer or section. Thus, a
first element, component, region, layer or section discussed
below could be termed a second element, component, region,
layer or section without departing from the teachings of
example embodiments.

Spatially relative terms, such as “beneath,” “below,”
“lower,” “above,” “upper” and the like, may be used herein for
ease of description to describe one element or feature’s rela-
tionship to another element(s) or feature(s) as illustrated in
the figures. It will be understood that the spatially relative
terms are intended to encompass different orientations of the
device in use or operation in addition to the orientation
depicted in the figures. For example, if the device in the
figures is turned over, elements described as “below” or
“beneath” other elements or features would then be oriented
“above” the other elements or features. Thus, the exemplary
term “below” can encompass both an orientation of above and
below. The device may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein interpreted accordingly.

The terminology used herein is for the purpose of describ-
ing exemplary embodiments only and is not intended to be
limiting of example embodiments. As used herein, the singu-
lar forms “a,” “an” and “the” are intended to include the plural
forms as well, unless the context clearly indicates otherwise.
It will be further understood that the terms “comprises™ and/
or “comprising,” when used in this specification, specify the
presence of stated features, integers, steps, operations, ele-
ments, and/or components, but do not preclude the presence
or addition of one or more other features, integers, steps,
operations, elements, components, and/or groups thereof.

Example embodiments are described herein with reference
to cross-sectional illustrations that are schematic illustrations
of idealized embodiments (and intermediate structures) of
example embodiments. As such, variations from the shapes of
the illustrations as a result, for example, of manufacturing
techniques and/or tolerances, are to be expected. Thus,
example embodiments should not be construed as limited to
the particular shapes of regions illustrated herein but are to
include deviations in shapes that result, for example, from
manufacturing. For example, an implanted region illustrated
as a rectangle will, typically, have rounded or curved features
and/or a gradient of implant concentration at its edges rather
than a binary change from implanted to non-implanted
region. Likewise, a buried region formed by implantation
may result in some implantation in the region between the
buried region and the surface through which the implantation
takes place. Thus, the regions illustrated in the figures are
schematic in nature and their shapes are not intended to illus-
trate the actual shape of a region of a device and are not
intended to limit the scope of example embodiments.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which example embodiments belong. It will be further under-
stood that terms, such as those defined in commonly-used
dictionaries, should be interpreted as having a meaning that is
consistent with their meaning in the context of the relevant art
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and will not be interpreted in an idealized or overly formal
sense unless expressly so defined herein.

A method of preparing high refractive index nanoparticles
according to example embodiments includes adding a poly-
mer stabilizer to a solvent, stirring the same, adding raw
materials, carrying out a reaction for a predetermined or given
period of time, and synthesizing high refractive index nano-
particles, wherein sizes and a degree of dispersion of the high
refractive index nanoparticles are adjusted by adjusting the
content of the polymer stabilizer in the solvent to control the
amount of the polymer stabilizer adsorbed to surfaces of the
high refractive index nanoparticles. The high refractive index
nanoparticles may be ZnS, TiO,, ZnO, or ZrO,, each of which
has a refractive index equal to or greater than 1.8.

The raw materials from which the high refractive index
nanoparticles are prepared may be well-known raw materials.
The polymer stabilizer may be polyvinylpyrrolidone (PVP),
polyethylene glycol (PEG), polyacrylic acid, or polyvinyl
alcohol (PVA), and the content of the polymer stabilizer in the
solvent may range from about 0.25 wt % to about 2 wt %. The
high refractive index nanoparticles prepared by using the
method may be monodispersed particles which have prede-
termined or given particle diameters according to the content
of the polymer stabilizer in the solvent, and sizes of the high
refractive index nanoparticles may be controlled in one step
from the adding of the raw materials to the synthesizing of the
high refractive index nanoparticles.

Diameters of the high refractive index nanoparticles may
be controlled to range from about 50 nm to about 300 nm by
controlling the polymer stabilizer, and a distribution of the
sizes of the high refractive index nanoparticles may be less
than 5% such that the high refractive index nanoparticles have
a uniform size distribution.

FIGS. 1A through 1D illustrate a process in which ZnS
nanoparticles grow. As shown in FIG. 1A, when raw materials
of zinc (Zn) and sulfur (S) dissolve in a solvent to which a
predetermined or given polymer stabilizer is added, Zn ions
and S ions combine with each other to form ZnS seed crystals
as shown in FIG. 1B. The ZnS seed crystals grow as nuclei of
colloidal particles as shown in F1G. 1C, the polymer stabilizer
is adsorbed to surfaces of growing particles to control aggre-
gation, and ZnS nanoparticles having a uniform mesoscopic
size distribution are formed as shown in FIG. 1D. A conven-
tional method of preparing ZnS nanoparticles having a meso-
scopic size includes forming ZnS seed crystals, growing
small particles through nucleation, and controlling aggrega-
tion of the small particles in an additional step. However, in a
method of preparing ZnS nanoparticles having a mesoscopic
size according to example embodiments, because forming of
ZnS seed crystals, performing of nucleation, and controlling
of aggregation are performed in one step, and sizes of the ZnS
nanoparticles are controlled by using the amount of a polymer
stabilizer initially added, the sizes of the ZnS nanoparticles
may be controlled in one step.

The method of preparing ZnS nanoparticles will be
explained in detail as follows. 200 ml of deionized water is
poured into a flask, and 0.2 to 2 gof PVP is added as a polymer
stabilizer, and is stirred to dissolve. A temperature of a reactor
is increased to between about 60 and about 80° C., and 0.1
mole of thicacetamide is added. 0.1 to 0.2 mole of zinc nitrate
hexahydrate is added and stirred for 3 hours to cause a reac-
tion, thereby forming ZnS nanoparticles.

FIG. 2A is a scanning electron microscope (SEM) image of
ZnS nanoparticles when PVP is not used as a stabilizer. FIGS.
2B and 2C are SEM images of ZnS nanoparticles when 0.5 g
of PVP and 1 g of PVP are respectively used as a stabilizer in
the aforesaid method. Referring to FIG. 2A, the ZnS nano-
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particles prepared without using PVP as a stabilizer have
random sizes. However, referring to FIGS. 2B and 2C, sizes
and degrees of dispersion of the ZnS nanoparticles prepared
when PVP is used as a stabilizer are uniformly controlled.
Also, the ZnS nanoparticles of FIG. 2B have sizes of about
200 nm, and the ZnS nanoparticles of FIG. 2C have sizes of
about 100 nm. Accordingly, as the amount of PVP used as a
stabilizer increases, sizes of the ZnS nanoparticles decrease.
Accordingly, growth of the ZnS nanoparticles may be con-
trolled by adsorbing PVP used as a stabilizer onto surfaces of
the ZnS nanoparticles.

FIGS. 3A through 3C are transmission electron micro-
scope (TEM) images of various ZnS nanoparticle sizes of
which are controlled. FIG. 3D is a magnified image of FIG.
3C. FIG. 3A illustrates a case where ZnS nanoparticles are
formed by using 0.5 g of PVP as a stabilizer, 0.1 mole of
thioacetamide, and 0.2 mole of zinc nitrate hexahydrate when
a temperature of a reactor is 80° C. FIG. 3B illustrates a case
where ZnS nanoparticles are formed by using 0.75 g of PVP
as a stabilizer under the same experimental condition as that
of FIG. 3A. FIG. 3C illustrates a case where ZnS nanopar-
ticles are formed by using 1 g of PVP as a stabilizer under the
same experimental condition as that of FIG. 3A. In FIGS. 3A
through 3C, sizes of the ZnS nanoparticles are controlled
appropriately. Also, in FIG. 3D, PVP is adsorbed to surfaces
of'the ZnS nanoparticles and protected.

FIG. 4 is a graph illustrating wide angle X-ray diffraction
patterns of ZnS nanoparticles prepared when PVP is used and
not used. Referring to FIG. 4, ZnS nanoparticles using PVP as
a stabilizer have substantially the same cubic [3-ZnS structure
as that of conventional ZnS nanoparticles not using PVP as a
stabilizer. That is, a crystal structure of ZnS nanoparticles
even when PVP is used as a stabilizer as shown in example
embodiments is not changed.

FIG. 5A is a magnified image of ZnS nanoparticles pre-
pared by the aforesaid method. FIG. 5B illustrates a result of
energy dispersive X-ray (EDX) elemental analysis performed
at a central portion P1 (see FIG. 5A) of each of the ZnS
nanoparticles. FIG. 5C illustrates a result of EDX elemental
analysis performed at an end portion P2 (see FIG.5A) of each
of the ZnS nanoparticles. As shown in FIGS. 5B and 5C,
atomic compositions at the central portion P1 and the end
portion P2 of each of the ZnS nanoparticles are different from
each other. Because silicon (Si) does not exist and the content
of carbon (C) is high at the end portion P2, PVP seems to be
adsorbed to surfaces of the ZnS nanoparticles.

FIG. 6 illustrates a result of thermogravimetric analysis
(TGA) performed on ZnS nanoparticles prepared by the
aforesaid method. Referring to FIG. 6, a weight is reduced
due to thermal cracking of PVP adsorbed to surfaces of ZnS
nanoparticles when the PVP is used. When the ZnS nanopar-
ticles are formed by using the PVP, the PVP is adsorbed to the
surfaces of the ZnS nanoparticles.

A method of preparing high refractive index nanoparticles
according to example embodiments includes adding a poly-
mer stabilizer to a solvent, stirring the same, adding raw
materials, carrying out a reaction for a predetermined or given
period of time, synthesizing high refractive index nanopar-
ticles, and forming a core-shell structure by adding a silica
coating material. Sizes of the high refractive index nanopar-
ticles are uniformly controlled by using the polymer stabi-
lizer, and optical characteristics of the high refractive index
nanoparticles may be adjusted by enabling the high refractive
index nanoparticles to have the core-shell structure.

The method of preparing high refractive index nanopar-
ticles will be explained in detail as follows. 20 ml of ZnS
colloidal solution (1 wt %, the content of a solid) is prepared.
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The ZnS colloidal solution may be a solution of ZnS nano-
particles prepared by the aforesaid method. 1 ml of ammonia
and 2 ml of deionized water are added to the ZnS colloidal
solution, and stirred for 1 hour. 0.05 to 1 g of tetraethyl
orthosilicate is added as a silica coating material, and a reac-
tion is carried out for 5 hours, thereby forming ZnS nanopar-
ticles coated with silica.

FIG. 7A is an SEM image of ZnS nanoparticles before the
ZnS nanoparticles are coated with silica. FIG. 7B is an SEM
image of ZnS nanoparticles after the ZnS nanoparticles are
coated with silica. Likewise, FIG. 7C is a TEM image of ZnS
nanoparticles before the ZnS nanoparticles are coated with
silica. FIG. 7D is a TEM image of ZnS nanoparticles after the
ZnS nanoparticles are coated with silica. In FIGS. 7A through
7D, a silica layer having a thickness of about 20 nm may be
uniformly coated on each of the ZnS nanoparticles.

FIG. 8A is a magnified image of ZnS nanoparticles coated
with silica prepared by the aforesaid method. FIG. 8B illus-
trates a result of EDX elemental analysis performed at a
central portion P1 (see FIG. 8A) of each of ZnS nanoparticles
coated with silica. FIG. 8C illustrates a result of EDX elemen-
tal analysis performed at a shell portion P2 (see FIG. 8A) of
each of the ZnS nanoparticles. In FIGS. 8A through 8C, the
ZnS nanoparticles coated with silica have a core-shell struc-
ture, and the content of Si at the central portion P1 is 20%, the
content of Si at the shell portion P2 that is a silica-rich portion
is about 100%, and atomic compositions of Zn and S are
almost the same at the central portion P1 and the shell portion
P2.

Because ZnS, TiO,, ZnO, or ZrO, nanoparticles prepared
by the aforesaid method are materials having a refractive
index higher than that of silica having a refractive index of
1.46 or polystyrene having a refractive index of 1.59 which is
often used to prepare photonic crystals in a conventional
method, if photonic crystals are formed by using ZnS, TiO,,
Zn0, or ZrO, nanoparticles as described below, a higher
reflectivity may be obtained, the width of a reflection spec-
trum may be increased, and photonic crystals including a
desired wavelength band may be more easily designed.

FIGS. 9A through 9C illustrate arrangements of high
refractive index nanoparticles prepared by the aforesaid
method. Nanoparticles 10 prepared by the aforesaid method
dissolve in a solvent to form a colloidal solution. In example
embodiments, surfaces of the nanoparticles (colloidal par-
ticles) 10 are charged to the same charge polarity. As shown in
FIG. 9A, the nanoparticles 10 in the colloidal solution are
electrically charged due to adsorption ofions and dissociation
of surface polar groups in the solution to each have a particle
body 11 and a charged area 12. The nanoparticles 10 are
arranged in a disordered manner at an initial stage. In example
embodiments, the charged area 12 may include a layer to
which counter-ions are adsorbed and which is not easily
moved, and an electric double layer which is slightly spaced
apart from the layer and is more easily moved.

A relatively small amount of raw materials and polymer
stabilizer in the colloidal solution which do not undergo a
reaction may be removed by being subjected to, for example,
dialysis or by using an ion-exchange resin. Once the raw
materials and the polymer stabilizer which do not undergo a
reaction are removed, the nanoparticles 10 including the elec-
tric double layer form colloidal crystals having a face-cen-
tered cubic (FCC) structure, a body-centered cubic (BCC)
structure, or a close-packed hexagonal (HCP) structure by
using self-assembly. An interval between the nanoparticles 10
in the colloidal crystals may be controlled by the concentra-
tion of the nanoparticles 10, and the concentration of the
nanoparticles 10 may vary according to the zeta potential of
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the nanoparticles 10, and/or the ionic strength of the solvent.
Also, because the concentration of the nanoparticles 10 may
be controlled by an electrical stimulation as described below,
the colloidal crystals may be applied to a tunable photonic
crystal device.

When external light is emitted due to periodic characteris-
tics, the colloidal crystals become photonic crystals having a
photonic bandgap through which light having a specific
wavelength is reflected and light having other wavelengths is
transmitted due to constructive interference. Because the
nanoparticles 10 have a mesoscopic size of about 50 nm to
about 300 nm as described above, photonic crystals have a
photonic bandgap in a visible band. As shown in FIGS. 9B
and 9C, when an interval between the nanoparticles 10 is
changed in the colloidal crystals, a photonic bandgap is
changed, and thus, a wavelength band of reflected light is
moved.

FIG. 10 is a view illustrating a photonic crystal device 30
according to example embodiments. Referring to FIG. 10, the
photonic crystal device 30, which reflects only light L includ-
ing a specific wavelength band from light from an external
source Li, includes the high refractive index nanoparticles 10
having a photonic crystal structure. The photonic crystal
structure may have a photonic bandgap which corresponds to
a reflection wavelength band due to self-assembly. In
example embodiments, the photonic crystal structure may be
fixed by adding a material for attaching the high refractive
index nanoparticles 10 to a solvent 20. For example, the
photonic crystal structure may be fixed by adding a photoini-
tiator and a cross-linker to the solvent 20, maintaining an
ordered state of the high refractive index nanoparticles 10,
and performing exposure to ultraviolet (UV) light to cause
photopolymerization.

The reflection wavelength band of the photonic crystal
device 30 may be adjusted by appropriately adjusting an
interval D1 between the high refractive index nanoparticles
10, and the interval D1 between the high refractive index
nanoparticles 10 may be adjusted by appropriately determin-
ing the zeta potential of the nanoparticles 10 or the ionic
strength of the solvent 20. For example, the photonic crystal
device 30 may be used as a blue display device for reflecting
blue light, a green display device for reflecting green light, or
a red display device for reflecting red light by appropriately
determining the interval D1.

FIG. 11 is a view illustrating a photonic crystal device 40
according to example embodiments. Referring to FIG. 11, the
photonic crystal device 40, which is a tunable photonic crys-
tal device for modulating a color of light I reflected from an
external source Li in real time, may include a colloidal solu-
tion 41 in which the high refractive index nanoparticles 10 are
dispersed in the solvent 20, and electrodes 42 and 43 which
apply a voltage V to the colloidal solution 41.

The high refractive index nanoparticles 10 may be high
refractive index nanoparticles prepared by the aforesaid
method, and form photonic crystals by using self-assembly
due to an electrical double layer. The solvent 20 may be a
polar solvent, e.g., deionized water or alcohol.

The electrodes 42 and 43 may be spaced apart from each
other by a predetermined or given distance as shown in FIG.
11. The photonic crystal device 40 may have a matrix struc-
ture in which a plurality of cells are arranged to which volt-
ages are independently applied. In example embodiments,
one ofthe electrodes 42 and 43 may be a pixel electrode which
may independently apply a voltage, and the other electrode
may be a common electrode. The pixel electrode and the
common electrode may be used in a conventional display
panel. The electrodes 42 and 43 may be transparent elec-



US 9,187,625 B2

9

trodes, and in example embodiments, the photonic crystal
device 40 reflects light L. having a specific wavelength from
among light from an external source Li and transmits all other
light. Alternatively, if an electrode at an incident side (for
example, the electrode 42) is a transparent electrode and the
other electrode (for example, the electrode 43) is coated with
a light-absorbing material, the tunable photonic crystal
device 40 may reflect light [ having a specific wavelength and
absorb all other light.

When a voltage V is applied to the electrodes 42 and 43, an
electric field is formed between the electrodes 42 and 43, and
the high refractive index nanoparticles 10 which are charged
in the colloidal solution 41 receive an electrical force exerted
by the electric field and are moved to one side due to electro-
kinetic phenomena. For example, the high refractive index
nanoparticles 10 which are negatively charged are moved to a
positive electrode. When the high refractive index nanopar-
ticles 10 are moved to one side due to an external electric field
to increase a concentration of the high refractive index nano-
particles 10, balance with a repulsive force due to charging is
achieved, thereby leading to an ordered structure. If the volt-
ageV is reduced, an electric field applied to the high refractive
index nanoparticles 10 is reduced and a concentration of the
high refractive index nanoparticles 10 is reduced, thereby
increasing the interval D between the high refractive index
nanoparticles 10.

Once the interval D between the high refractive index
nanoparticles 10 is changed, a photonic bandgap of photonic
crystals formed by the high refractive index nanoparticles 10
is changed, thereby changing a photonic stop band. For
example, if the voltage V is reduced and the interval D
between the high refractive index nanoparticles 10 is
increased, the photonic stop band is changed from a blue
wavelength to a red wavelength. The tunable photonic crystal
device 40 may variably reflect full colors ranging from blueto
red according to the magnitude of the voltage V, and further-
more variably reflect a wide area including a visible band
ranging from UV light to infrared light. Accordingly, the
photonic crystal device 40 may be used as a one pixel full
color reflective display device or a tunable color filter having
a visible band as a photonic stop band. Also, the photonic
crystal device 40 may be applied to a wavelength-tunable
laser, a sensor, an e-skin, and/or an indicator.

A width Aw of a reflection spectrum in a structure includ-
ing two materials having different refractive indices is defined

by

M
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Referring to Equation 1, the width Aw of the reflection
spectrum increases as a refractive index ratio nH/nL. between
the two materials increases.

FIG. 12 illustrates reflection spectrums of the photonic
crystal devices 30 and 40 of FIGS. 10 and 11. As shown in
Equation 1, as a refractive index ratio between particles con-
stituting photonic crystals and a medium increases, a width of
a reflection spectrum increases as shown in FIG. 12. In FIG.
12, because an area of a reflection spectrum is a total amount
of light reflected by a photonic crystal device, as the width L
of the reflection spectrum increases, a total amount of light
reflected by any of the photonic crystal devices 30 and 40
increases. Accordingly, when a refractive index of a medium
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is constant, a total amount of light reflected by a photonic
crystal device increases. Because nanoparticles prepared in
the above example embodiments have high refractive indices,
if the photonic crystal devices 30 and 40 using the nanopar-
ticles are used as display devices, the display devices may be
reflective display devices having a higher reflectivity and
higher visibility.

FIG. 13 is a graph illustrating a relationship between a
reflectivity and a color gamut, and a refractive index ratio
between a solvent and particles in an aqueous solution. As
shown in FIG. 13, because appropriate reflectivity and color
gamut may be determined by adjusting a refractive index ratio
between particles and a solvent, the photonic crystal devices
30 and 40 of FIGS. 10 and 11 may beused as reflective display
devices having an improved color gamut.

While the inventive concepts have been particularly shown
and described with reference to example embodiments
thereof, it will be understood by one of ordinary skill in the art
that various changes in form and details may be made therein
without departing from the spirit and scope as defined by the
following claims.

What is claimed is:
1. A method of preparing high refractive index nanopar-
ticles, the method comprising:
adding a polymer stabilizer to a solvent; and
forming high refractive index nanoparticles by adding high
refractive index nanoparticle materials to the solvent and
stirring the same, the high refractive index nanoparticle
materials having a refractive index equal to or greater
than 1.8,

wherein sizes of the high refractive index nanoparticles are
determined by adjusting a content of the polymer stabi-
lizer to control an amount of the polymer stabilizer
adsorbed to surfaces of the high refractive index nano-
particles, and

wherein the high refractive index nanoparticles are ZnS

nanoparticles.
2. The method of claim 1, wherein the adding adds one of
polyvinylpyrrolidone (PVP), polyethylene glycol (PEG),
polyacrylic acid, or polyvinyl alcohol (PVA) to the solvent.
3. The method of claim 2, wherein the adding adds the
polymer stabilizer to the solvent in an amount from about
0.25 wt % to about 2 wt %.
4. The method of claim 1, wherein the forming forms the
high refractive index nanoparticles to have a diameter from
about 50 nm to about 300 nm.
5. The method of claim 1, wherein the forming includes
coating the high refractive index nanoparticles with a trans-
parent material to form a core-shell structure.
6. The method of claim 5, wherein the transparent material
is silica.
7. High refractive index nanoparticles prepared by a
method comprising:
adding a polymer stabilizer to a solvent; and
forming high refractive index nanoparticles by adding high
refractive index nanoparticle materials to the solvent and
stirring the same, the high refractive index nanoparticle
materials having a refractive index equal to or greater
than 1.8,

wherein sizes of the high refractive index nanoparticles are
determined by adjusting a content of the polymer stabi-
lizer to control an amount of the polymer stabilizer
adsorbed to surfaces of the high refractive index nano-
particles, and

wherein the high refractive index nanoparticles are ZnS

nanoparticles.
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8. The high refractive index nanoparticles of claim 7,
wherein the polymer stabilizer is one of polyvinylpyrrolidone
(PVP), polyethylene glycol (PEG), polyacrylic acid, and
polyvinyl alcohol (PVA).

9. The high refractive index nanoparticles of claim 8,
wherein a content of the polymer stabilizer in the solvent is
from about 0.25 wt % to 2 wt %.

10. The high refractive index nanoparticles of claim 7,
wherein a diameter of the high refractive index nanoparticles
is from about 50 nm to about 300 nm.

11. The high refractive index nanoparticles of claim 7,
wherein surfaces of the high refractive index nanoparticles
are coated with a transparent material to have a core-shell
structure.

12. The high refractive index nanoparticles of claim 11,
wherein the transparent material is silica.

13. A photonic crystal device comprising:

photonic crystals formed through self-assembly by high

refractive index nanoparticles prepared by a method, the
method including,
adding a polymer stabilizer to a solvent, and
forming high refractive index nanoparticles by adding high
refractive index nanoparticle materials to the solvent and
stirring the same, the high refractive index nanoparticle
materials having a refractive index equal to or greater
than 1.8,

wherein sizes of the high refractive index nanoparticles are
determined by adjusting a content of the polymer stabi-
lizer to control an amount of the polymer stabilizer
adsorbed to surfaces of the high refractive index nano-
particles, and

wherein the high refractive index nanoparticles are ZnS

nanoparticles.

14. The photonic crystal device of claim 13, wherein the
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polymer stabilizer is one of polyvinylpyrrolidone (PVP), 35

polyethylene glycol (PEG), polyacrylic acid, and polyvinyl
alcohol (PVA).

15. The photonic crystal device of claim 13, wherein a
content of the polymer stabilizer in the solvent is from about
0.25 wt % to 2 wt %.

16. The photonic crystal device of claim 13, wherein a
diameter of the high refractive index nanoparticles is from
about 50 nm to about 300 nm.
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17. The photonic crystal device of claim 13, wherein sur-
faces of the high refractive index nanoparticles are coated
with a transparent material to have a core-shell structure.

18. The photonic crystal device of claim 17, wherein the
transparent material is silica.

19. The photonic crystal device of claim 13, wherein the
photonic crystals are fixed.

20. A photonic crystal device comprising:

photonic crystals including a colloidal solution having

high refractive index nanoparticles dispersed in a sol-

vent, the photonic crystals formed through self-assem-

bly by the high refractive index nanoparticles prepared

by a method, the method including,

adding a polymer stabilizer to the solvent, and

forming the high refractive index nanoparticles by add-
ing high refractive index nanoparticle materials to the
solvent and stirring the same, the high refractive index
nanoparticle materials having a refractive index equal
to or greater than 1.8; and

electrodes configured to apply an electric field to the col-
loidal solution,

wherein sizes of the high refractive index nanoparticles are
determined by adjusting a content of the polymer stabi-
lizer to control an amount of the polymer stabilizer
adsorbed to surfaces of the high refractive index nano-
particles,

and

wherein a photonic stop band of the photonic crystals
including the high refractive index nanoparticles con-
tinuously varies in at least a visible band according to a
voltage applied to the electrodes.

21. The photonic crystal device of claim 20, wherein the
electrodes are spaced apart from each other having the col-
loidal solution therebetween.

22. The photonic crystal device of claim 20, wherein the
photonic crystal device is a tunable color filter having a vis-
ible band as the photonic stop band, or a full-color reflective
display device for displaying an arbitrary color of the visible
band.



